Summary Treating patients with severe neuromuscular scoliosis by long spinal fusion improves their quality of life and provides significant comfort for the patient and caregivers. But lumbosacral (L5-S1) fusion is challenging in these patients because of the significant deformities that result in poor bone anchoring quality and a risk of impingement between the skin and implants. In 1993, Jackson described a L5-S1 fusion technique using S1 pedicle screws and intrasacral rods (implanted under X-ray guidance) that are linked to the construct above with connectors. The goal of this study was to evaluate the clinical and radiological results and the postoperative complications of a simplified version of this technique, which does not require connectors or X-ray guidance. Materials and methods: Thirty-three patients were evaluated with a minimum follow-up of 4 years (average 82 months). Frontal balance, sagittal balance, Cobb angle, sacral slope, lumbar lordosis and lateral pelvic tilt in the frontal plane were assessed on preoperative, postoperative and follow-up X-rays. Intraoperative and postoperative complications were recorded. Results: Complete fusion was obtained in 32 patients. The average Cobb angle was 62
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• initially and was reduced to 20
• after surgery and 24
• at the final follow-up. The average lateral pelvic tilt was 10.3 • (0 to 26 • ) initially; it was surgically corrected to an average of 7.5
• (0 to 24 • ); the average secondary loss of correction was 1.2
• (0 to 9 • ). The sacral slope was corrected to an average of 11.2
• ; an average of 0.2 • had been lost at the last follow-up (0 to 18 • ). Although the average for lumbar lordosis was unchanged, the standard deviation went from 29
• to 16
• after the corrective surgery and 17
• at the last follow-up, with large cluster of measurements around the average value of 40
• . The deformity correction was comparable to the results with other
Introduction
Correcting neuromuscular scoliosis in children and adolescents is a major focus in the care of these multi-disabled patients [1] . It improves their respiratory and digestive functions, makes the caregivers' work easier, avoids sacral pressure sores by correcting the lateral pelvic tilt and restores adequate spine balance to allow for more comfortable sitting and better use of the upper limbs [2] . But the poor bone quality in the sacrum of these patients and the significant loads placed on the L5-S1 joint because of the superior long spinal fusion have led to significant technical problems, as shown by the vast number of techniques described, and is a source of complications. The sacrum screws do not hold well: 44% of them pull out in constructs with an S1 screw. Triangulated S1-S2 screws have a better hold but require extensive muscle dissection, can be uncomfortable due to their bulk and have a 15% non-union rate [3, 4] . Lumbosacral constructs with S1 and iliac screws are more resistant to regional pull-out forces in laboratory studies [3] [4] [5] . The trans-sacroiliac screws are linked to the rods by connectors, which also require extensive dissection, resulting in an arthroereisis of the sacroiliac joint that can be painful; the fusion is high in some studies [6, 7] but a 28% non-union rate has been reported in others [3] .
The Galveston technique is difficult to perform. X-ray guidance is required because of the risk of incorrect intrailiac positioning of the rods. Osteolysis around the iliac rods occurs in 11.8% of cases and can be painful; the non-union rate is 7 to 10% [3, 8, 9] . Constructs with a posterior iliac screw require extensive dissection, use multiple connectors, are three times stronger than the Galveston construct and result in arthroereisis of the sacroiliac joint. The bulky nature of the construct can cause pain and bed sores, leading to the instrumentation being removed in 22% of cases after 2 years and even more cases after 5 years [3] . In 1993, Jackson described a lumbosacral (L5-S1) fixation technique using intrasacral rods and S1 pedicle screws that was mechanically stronger than previously described constructs [10, 11] . This technique is based on the ''sacroiliac buttressing'' concept, where the lateral masses of the sacrum theoretically help resist flexion loads. The originally described technique maintains sacroiliac mobility, does not require extensive dissection and is not bulky; however, it is relatively complex, and requires X-ray guidance and the use of connectors [4, 10] .
Ilharreborde and colleagues described a series of 56 cases of L5-S1 fusion using the Jackson technique with 5 years of follow-up. The Cobb angle was corrected by 61.2% and the lateral pelvic tilt by 9.7
• , with zero non-unions [11] . The same group modified the original Jackson technique based on a cadaver study and developed a surgical template for inserting the sacral screws [12] .
Based on these previous studies, we propose a simplified Jackson technique that does not require X-ray guidance, specific instrumentation or connectors; lateral pelvic tilt is corrected using Mooseley's Unit Rod procedure within the Galveston technique [8, 10, 12] . The goal of this study was to evaluate the results of this simplified L5-S1 fusion technique in correcting neuromuscular scoliosis and lateral pelvic tilt.
Patients and methods
Patients were included if they had been operated for neuromuscular scoliosis with lateral pelvic tilt between 1996 and 2005 using the simplified Jackson technique. Patients were excluded if they had less than 48 months of follow-up, which we deemed the minimum required to evaluate mechanical complications. The procedures had been performed by three different surgeons. In four cases, a previous fusion had been extended to the sacrum. The follow-up consisted of regular clinical and radiological evaluations every 6 months for the first 2 years and then every year.
Clinical evaluation
The following aspects were evaluated: trunk balance, quality of the seated position, pain present during movement or upon examination, pressure sores and any potential complications.
Radiological evaluation
Lateral and A/P X-rays were taken preoperatively, postoperatively and at the final follow-up in a seated position and were analyzed by a single independent examiner who measured the Cobb angle, lateral pelvic tilt, C7-S1 frontal balance, sacral slope, lumbar lordosis and the C7-S1 sagittal balance.
The degree of fusion was assessed and any signs of osteolysis and movement of the intrasacral rods were noted.
Technique
The procedure was performed under general anesthesia and under the control of somatosensory and motor evoked potentials (SEP, MEP) in cases where the patient could still walk.
The first release step for anterior fusion was performed when the spinal curve was greater than 60
• , it could not be reduced or the potential for spinal growth required it. Posterior fusion straightening was performed using a HallRelton frame with a subperiosteal approach, without any additional grafting other than fragments from the posterior joint resection. Lumbo sacral arthrodesis using a simplified Jackson technique 3
Varied instrumentation was used at the different levels. Sublaminar Luqué rods in the thoracic spine or pedicle screws and pedicle hooks were used depending on the preoperative plan (frontal and sagittal bending X-rays views). Based on published cadaver studies [10, 12] , the L5-S1 instrumentation was simplified by using four L5 and S1 polyaxial screws without X-ray guidance; these replaced the cannulated monoaxial screws that were placed on guide wires and required X-ray verification. The trajectory was prepared with a curette and verified with a thin probe. The S1 screws were inserted 2 mm below and outside the inferior point of the L5-S1 joint, then directed towards the dense bone in the anterosuperior S1 plateau, with an apical targeting angle determined from the lateral X-rays of the sacrum, and in the most medial direction allowed by the posterior projection of the ilium wings [12] (Fig. 1) .
The recess for the intrasacral rods was prepared using a trial rod and angled 10
• towards the outside and the front. The rod insertion point (outside and below the second foramen) was prepared by removing the cortex with a curette; the intrasacral rod recess was prepared by pushing the trial rod into the sacrum and crushing the cancellous bone; the S1 screw was used as a guide and the recess verified and measured with a thin probe. The two rods were then pre-shaped and at least 3 cm of the rod inserted into the sacrum, depending on the X-ray measurements and depth gauge measurements, to cross the anterior sacral cortex by 5 mm. The rods were then locked with the S1 screws and the lateral pelvic tilt reduced by locking them to the L5 screws, which resulted in convex compression and concave distraction. These were locked to the construct above by bringing the spine closer to the rod (Fig. 2) .
Postoperative care
Patients were mobilized immediately without the use of braces and were placed in a wheelchair as soon as their Figure 1 Preoperative lateral X-ray of L5-S1 area: drawing of S1 screw trajectory (arrow) and measurement of screw angle relative to posterior cortex of sacrum.
condition allowed. The results were analyzed statistically with paired t-tests using the SPSS software; the chosen value for significance was P < 0.05.
Results
Forty-five patients (12 girls, 33 boys) aged 8 to 21 years at the time of the procedure were included. Four patients died after the procedure (6 months, 18 months, 3 years and 3 years, respectively). One of these patients (spina bifida) had an intraoperative cardiac arrest with immediate good Post-traumatic tetraplegia (odontoid fracture) 13 Yes No outcomes and was reoperated because the construct had moved 1 year after the procedure. Eight patients were lost to follow-up before the 48-month follow-up with no known complications. The 33 remaining patients were included in the study and had an average follow-up of 82 months (range 48-135). The etiology of their deformity was a physical disability in 10 cases, spina bifida in five cases, infantile spinal muscular atrophy in four cases, Duchenne muscular dystrophy in four cases, post-traumatic tetraplegia in two cases and encephalopathy of undetermined cause in eight cases (Table 1) . Walking was conserved but limited in eight cases, with no noticeable postoperative deterioration. In four cases, this procedure had extended a previous construct to the sacrum; an anterior release was performed in 13 cases.
ARTICLE IN PRESS
+Model OTSR-828; No. of Pages 7 Table 1 Etiology of scoliosis, age at the time of the procedure (years) and level of autonomy.
Complications
Six patients experienced postoperative complications. One patient had a septic non-union due to Staphylococcus aureus, which was treated by lavage and revision of the Lumbo sacral arthrodesis using a simplified Jackson technique 5 construct at 2 years post-surgery, then removal of the hardware at 4 years post-surgery, before being lost to follow-up. Two patients had hardware-related pain and discomfort without pressure sores that required resetting of incorrectly positioned rods in one case and shortening of the sacral rods the other. One patient presented with a displaced upper thoracic hook. Two patients presented with a delayed sepsis (Staphylococcus epidermidis in one case and Pseudomonas acnes in the other) at 3 and 11 years, respectively, after the fusion; these required hardware removal with no significant loss of correction or painful sequelae. These complications were not related to the L5-S1 fixation technique used here. There were no surgery-related deaths.
Clinical results
There were no reports of spinal pain except in the non-union case and no pressure sores were found during the follow-up visits. The seated position was stable and deemed comfortable by the accompanying persons in all cases. Digestive function was improved in all cases and autonomy preserved within the context of natural deterioration.
Radiological results
Complete fusion was obtained in 32 cases (97%). No osteolysis was observed around the intrasacral rods. The main radiology measurements are given in Table 2 .
Correction of frontal deformity
The average preoperative Cobb angle was 62.4
• (std. dev. 24.9
• ). It was 20.5
• (std. dev. 11.5
• ) 45 days after the surgery (P < 0.001), and 24
• (std. dev. 12.8
• ) at the last follow-up; this 3.4
• loss of correction was significant (P < 0.05).
Correction of sagittal deformity
The lumbar lordosis was 39
• before the surgery and 37.5
• after. Standard deviation of lumbar lordosis was 29.3
• before the surgery and 15.96
• after, a difference that was statistically significant (P < 0.05). The sacral slope was unchanged: 34.1
• before the surgery and 40.9
• after. The standard deviation of sacral slope was 26.1
• before the surgery and 13.0
• after, a difference that was statistically significant (P < 0.05). For these two parameters, the loss of correction at the last follow-up was not significant.
Lateral pelvic tilt
The preoperative lateral pelvic tilt of 10.3
• (std. dev. 8.5
• ) was significantly improved to 2.7
• (std. dev. 3.3
• ) (P < 0.001) with no significant loss of correction at the last follow-up.
C7S1 sagittal balance
The preoperative C7S1 sagittal offset of 4.4 cm (std. dev. 3.5 cm) was significantly corrected to 1.8 cm (std. dev.
1.8 cm) (P < 0.001), but the loss of correction at the last follow-up (1.2 cm) (std. dev. 4.6 cm) was statistically significant (P < 0.05).
Discussion
Although our study had eight patients lost to follow-up and four patients who died before the minimum followup of 4 years required for inclusion, the results showed that simplifying the Jackson technique did not compromise the quality of the L5-S1 fusion. In two of our early surgical cases, the fixation had to be revised because the intrasacral rods were too short. The correction of lordosis and sacral slope may appear insufficient. But these average values mask significant variability about a normal average before the surgery because many patients either had severe hyperlordosis or kyphosis. The reduction in the standard deviation about the average value is a sign of how well the sagittal imbalance has been corrected. The deterioration of the C7S1 sagittal balance at the last follow-up seems to be due to gradual kyphosis above the construct and not to a loss of correction in the instrumented levels. Hence, the problems located above the instrumented level have not been completely resolved for these patients [8] . The operative time was reduced by this simplification of the surgical technique, which reduces the risks of infections and intraoperative bleeding; however, these data were not reported here because they varied greatly based on the etiology and could not be compared to other published studies.
This study confirms the mechanical effectiveness and good long-term results of the Jackson technique, even in its simplified version [11] . Our non-union rate was low (3%) relative to other published series [3, 8, 9, 11] and the only case of non-union was secondary to an infection. This simplified technique reduced the operative time and eliminated the use of connectors, which are a source of micromotion and oxidation, without being detrimental to the quality of the results. The correction of the lateral tilt of the sacral vertebra, the true focus for this surgery, determined the clinical result and was more effective with the current technique relative to other techniques [7] [8] [9] 11, 13, 14] ( Table 3) .
The fact that multiple techniques exist for L5-S1 fixation demonstrates that no mechanical system is indisputable [4] . The specifications must resolve several problems: ensure the construct is stable in every plane when considerable loads are placed on the L5-S1 joint [3] , restore lumbar lordosis, provide mechanical conditions conducive to fusion, not be iatrogenic for components of the sacral canal and the lesser pelvis or skin of these patients, who are often slight in build. The neutralization of shear forces (flexion, lateral bending, axial rotation) is very demanding and the risk of implant failure continues to be a problem, with a 7 to 20% complication rate (fixation failure, abnormal movement of the sacral fixation, loss of lumbar lordosis and non-union) [15] [16] [17] .
The ''economical position'' was defined by DuvalBeaupère [18] as the position requiring the least amount of muscle effort and implies that the spine is fixed in a balanced position about the sacral vertebra. Legaye [19] showed that lumbar lordosis and pelvic parameters were interdependent, which makes L5-S1 fusion a primary concern. Contrary to treating spondylolisthesis with a short construct [20] , isolated pedicle screws in the sacrum have a greater than 15% rate of mechanical complications and must not be used in long spinal fusion [3, 20, 21] . Galveston-type constructs have a high fusion rate and few cases of fixation failure (11% osteolysis, 7-10% nonunion) [8, 9] . But the main drawback of this technique is the need to bend the rods and place them in the wing of the ilium. To get around this problem and to take advantage of the fact that the middle third of the coccyx can act as a pillar, one group proposed performing bicortical transiliac screw fixation using large-diameters screws and then connecting them to the rods; this construct was stiffer in biomechanical tests but was more difficult to work with and required X-ray control [22] . In the original Galveston technique, the possibility of rod failure and the reciprocal sliding of one rod relative to another induced by frontal plane movements are potential complications that cannot be ignored. To improve the reliability of the construct, a single rod could be used [8, 23] or rods could be bent into an S shape [24] . Another criticism of this technique is the ''windshield wiper effect'' that results in a radiolucent area around iliac insertion of the rods suggestive of osteolysis due to micromotion. This remains a concern because it could be the consequence of the sacroiliac arthroereisis and the reason for pain when seated. But up to now, no studies have been able to show that a functional deterioration that can be attributed to the locking of the sacroiliac joint [6] [7] [8] [9] 11, 13, 14, 21, [23] [24] [25] [26] .
To make the fixation easier to perform, some have suggested connecting the rods on the posterior sacroiliac or iliac screws, but their significant bulk may cause soft tissue impingement. The requirement for extensive dissection during the approach is the source of cutaneous and sepsis-related complications [26] . Because of the difficulties encountered when aligning the sacroiliac screws, multiple auxiliary techniques have been developed to reduce technical errors and complications [27] [28] [29] .
Conclusion
Based on our experience, simplifying the Jackson technique did not compromise the quality of the L5-S1 fusion. It reduced the operative time, infections and the risk of cutaneous complications. Our results were comparable to the ones achieved with other techniques and were stable over time.
